ABSTRACT The effects of temperature on oviposition by Dermacentor andersoni (Stiles) was examined using replete females ranging in weight from 30 to 1,198 mg. Survivorship was Ͼ96% during the preoviposition periods and declined during oviposition period. Egg production peaked earlier and at greater levels as temperature increased. Longevity, preoviposition period, and oviposition period declined as temperature increased. Replete weight had minor effects on measures of time, but smaller females tended to have greater longevity and preoviposition periods, and shorter oviposition periods. Temperature and replete weight both had large effects on measures of oviposition success such as the amount of eggs laid, the conversion efÞciency index, and daily egg production. Lower temperatures and replete weight resulted in greater oviposition failure, and reduced egg production and conversion efÞciency. Oviposition was greatly inhibited at 10ЊC, suggesting this is near the lower temperature limit for development. However, egg production was reduced at temperatures Ͻ20ЊC, suggesting that the northern edge of the distribution may be inßuenced by the effects of temperature on oviposition.
The rocky mountain wood tick Dermacentor andersoni (Stiles) is widely distributed in western North America, ranging from northern Arizona and New Mexico (James et al. 1966) to Ϸ52Њ N in Alberta, Canada (Dergousoff et al. 2013) . D. andersoni overwinters as an adult and quests for hosts between April and June (James et al. 2006) , although timing can vary owing to temperatures, latitude, and elevation. Females feed on hosts for Ϸ9 Ð21 d, depending on ambient temperatures (Lysyk 2008) , and drop to the ground when replete. The females digest the bloodmeal to develop eggs and after a preoviposition period, oviposit over a period of many days.
Temperature inßuences a number of oviposition parameters in ixodid ticks. Reduced temperatures tend to increase female longevity, the preoviposition period during which eggs are formed, the oviposition period when eggs are deposited, but decreases the overall numbers of eggs laid (Sweatman 1967 (Sweatman , 1968 Campbell and Glines 1979; Campbell and Harris 1979; Ogden et al. 2004) . Low temperatures can completely inhibit oviposition. This is of particular interest near the northern limits of the distribution of D. andersoni, as adults may feed during periods of cold weather (Lysyk 2008) and produce females of reduced weight during periods when temperatures may be too low for optimal oviposition.
Although several studies have reported aspects of oviposition by D. andersoni (Hooker et al. 1912 , Wilkinson 1967 , there are no comprehensive studies of the effect that temperature has on oviposition parameters of this species as there has been for other species of Dermacentor such as Dermacentor nitens (Neumann) (Despins 1992) , Dermacentor variabilis (Say) (Campbell and Harris 1979) , and Dermacentor albipictus (Packard) (Glines 1983 , Addison et al. 1998 ). This information is important for understanding factors limiting species distribution and abundance and for predicting population growth and expansion in relation to environmental factors related to climate change. This study was, therefore, conducted to determine the relationships between temperatures and oviposition parameters for D. andersoni. In addition, we also examined if these relationships were inßuenced by the weight of replete females, as has been indicated for other tick species (Bennett 1974, Koch and Dunn 1980) .
Materials and Methods
Source of Ticks. Ticks used in this experiment were the Þrst generation laboratory progeny of wild adult ticks collected in southern Alberta. Ticks were reared using methods described previously (Lysyk and Majak 2003) with cattle as hosts for adults and rabbits as hosts for immatures. Flat ticks were stored at 10ЊC and Ն90% relative humidity until use. For experiments, replete females were produced by placing equal numbers of males and females in stockinette sleeves attached with contact cement to the shaved areas on the backs of cattle. Sleeves were examined daily, and detached females removed and weighed.
Experimental Procedures. Replete females were placed individually in 1.8 by 5 cm glass vials. Vials were sealed with rubber stoppers that had two 2-mm-diameter holes bored through for air circulation, and then placed inside plastic boxes that contained saturated salt solutions to maintain humidity at 90 Ð95%. The boxes were placed in constant temperature cabinets and temperature within each box recorded at 5 min intervals using Hobo dataloggers (Onset Computer Corporation, Pocasset, MA) and the average temperature during each replicate was calculated.
Three replicates of the experiment were conducted. In the Þrst replicate, 29 Ð30 female ticks were held in cabinets set at 10, 15, 20, 25, and 30ЊC. Oviposition was limited at 10ЊC in the Þrst replicate; therefore, 12.5ЊC was included as an additional temperature during the second and third replicates. About 21 to 30 females were placed at each temperature during the second replicate, and 24 females per temperature were used during the third. Because of the limited oviposition at 10ЊC, these females were eventually transferred to 25ЊC after spending a minimum of 160 d at 10ЊC. Females were examined daily for oviposition or death. Any eggs present were removed and weighed, and live females returned to their respective temperature. After oviposition ceased, the total milligrams of eggs laid by each female was calculated by summing the amounts laid each day. Time of death was recorded and used as a measure of longevity. The preoviposition period was determined for each tick as the time between detachment and production of the Þrst eggs. Oviposition period was calculated as the time that elapsed between the production of the Þrst and last eggs, and daily egg production calculated as the total mg eggs produced by each female divided by the oviposition period. The conversion efÞciency index (CEI) as calculated as the total mg eggs produced divided by mg engorged weight (Drummond and Whetstone 1970) .
Data Analysis. The mean weight of replete females assigned to each temperature was compared using analysis of variance (ANOVA) to determine assignment was independent of temperature. Females Ͻ300 mg were classiÞed as small, those between 300 and 599 mg classiÞed as medium, and those Ն600 mg were classiÞed as large. These groups were not used in analyses but were used for graphing and visualization.
Females Held at Constant Temperatures 12.5-30ЊC. Regression analyses were conÞned to ticks reared at 12.5Ð30ЊC because ticks held at 10ЊC were not kept at a single temperature and had completed a portion of their development at 25ЊC. The inßuence of temperature and replete weight on temporal patterns of survivorship and egg production was examined using proportional hazards regression (PROC PHREG, SAS Institute, 2013) stratiÞed by replicate. Survivorship and age-speciÞc fecundity data were pooled across replicates and plotted for each temperature. These are population responses that result from contributions of the individuals. Survivorship was calculated for each temperature as n x /n o, where n x ϭ the number of females alive on each day x after detachment, and n o ϭ the initial number of females. Age-speciÞc fecundity as measured by m x is potential reproduction in the absence of mortality (Pianka 1994) and was calculated as (͚e x )/n x , where ͚e x ϭ total number of eggs laid on day x by all females at a given temperature.
The effect of temperature () and weight of replete females (ln(mg)) on longevity, preoviposition period, oviposition period, and daily egg production of individual ticks were estimated by Þtting data to the model y ϭ exp(a ϩ b ϫ ϩc ϫ 2 ϩ d ϫ ln(mg)) using nonlinear regression (PROC NLIN SAS Institute 2013, Cary, NC). Parameter estimates were compared with 0 based on nonoverlap of Ϸ95% CIs, nonsigniÞcant parameters dropped, and the model reÞt. The r 2 of the full model containing the signiÞcant terms for temperature and replete weight was calculated, as was the r 2 for a reduced model containing only temperature. The difference in r 2 between the full and reduced models was considered the increase in r 2 owing to replete weight. A similar approach was used for CEI except data were Þt to the model y
. Oviposition failure was deÞned as failure to produce any amount of eggs and each tick was assigned a value Y ϭ 1 if no eggs were produced, and Y ϭ 0 if eggs were produced. The inßuence of temperature and replete weight on oviposition failure was determined using logistic regression of the form SAS Institute 2013) . The longevity of females that failed to oviposit was compared with that of females that did oviposit using KruskalÐWallis nonparametric ANOVA separately for each temperature. Linear regression was used to determine the relationship between replete weight and the total weight of eggs laid for all females that successfully oviposited. Analysis of covariance was used to determine if the relationship varied among temperatures.
Females Held at 10ЊC Before Transfer to 25ЊC. These data were presented primarily in a descriptive fashion, including the survivorship and fecundity curves. Mean longevity, preoviposition time, oviposition period, total egg production, CEI, and daily egg production were calculated for the periods when ticks were held at 10ЊC and after transfer to 25ЊC. We determined if exposure to 10ЊC had adverse effects that persisted after transfer by using t-tests to compare statistics for ticks after transfer to 25ЊC with those for ticks held continuously at 25ЊC.
Results
Weight of Replete Females. Replete females averaged (ϮSD) 469 Ϯ 220.5 mg (n ϭ 430; range ϭ 30 Ð1,198 mg) with 21.4% classiÞed as small (Ͻ300 mg), 54.4% as medium (300 Ð599 mg), and 24.1% as large (Ն600 mg). Females assigned to 10, 12.5, 15, 20, 25, and 30ЊC averaged (ϮSD) 484 Ϯ 218, 512 Ϯ 265, 466 Ϯ 196, 479 Ϯ 215, 418 Ϯ 228 , and 478 Ϯ 210 mg with no signiÞcant variation among temperatures (F ϭ 1.68; df ϭ 5, 422; P ϭ 0.14), indicating that assignment to temperature was independent of weight. The coefÞ-cient of variation (cultivar ϭ 100 ϫ SD/mean) for replete weight was 47% overall and ranged from 42 to 55% across temperatures.
Females Held at Constant Temperatures 12.5-30؇C. Temporal Patterns. Survivorship of replete females varied among temperatures ( 2 ϭ 284.7; df ϭ 4; P Ͻ 0.0001) but not replete weight ( 2 Ͻ 0.1; df ϭ 1; P Ͼ 0.9). Survival was roughly sigmoidal for each temperature and was Ͼ96% during the preoviposition period, and then declined after peak egg production (Fig. 1A) . Maximum longevity was 175, 175, 77, 64, and 33 d at 12.5, 15, 20, 25 , and 30ЊC, respectively. Temporal patterns of egg production also varied among temperatures ( 2 ϭ 4292; df ϭ 4; P Ͻ 0.0001) and replete weight ( 2 ϭ 295.8; df ϭ 1; P Ͻ 0.0001). Oviposition began as early as 24, 8, 4, 1, and 1 d after detachment at 12.5, 15, 20, 25, and 30ЊC, respectively. Peaks in egg production became more obvious at warmer temperatures and occurred earlier and at greater levels as temperatures increased (Fig. 1B) . Peak oviposition occurred 53, 28, 11, 7, and 5 d after repletion at 12. 5, 15, 20, 25, and 30ЊC, respectively, and reached 4.8, 8.8, 19.8, 32 .2, and 41.1 mg eggs per female per day at the same respective temperatures. The percentage of females that survived to the time of median fecundity was 73.9, 90.8, 95.9, 98.8, and 97.3% at 12.5, 15, 20, 25, and 30ЊC, respectively. Longevity. Longevity of individual ticks declined with temperature and body weight ( Fig. 2A ). All regression parameters differed from 0 based on nonoverlap of 95% CIs (Table 1) . Temperature alone accounted for 56% of the variation in longevity, while body size added an additional 2% to the explained variation. Mean longevity decreased from Ϸ80 d at 12.5ЊC to 19 d at 30Њ across all body sizes ( Fig. 2A) . Mean longevity of small females was 11Ð35% greater than mean longevity of medium or large females except at 30ЊC, where longevity was similar among the weight classes. Mean longevity of large females was Ϸ3% less than that of medium females at 12.5ЊC, and was 7Ð14% greater than that of medium females at the remaining temperatures. The slightly greater longevity of large females compared with medium females suggested a quadratic response to weight. This was tested by adding a squared term for weight in the model. The parameter estimate did not differ from 0 (P Ͻ 0.05) and the increase in model r 2 was Ͻ0.3%; therefore, the quadratic effect of weight was not retained. Oviposition Failure. Oviposition failure (Fig. 2B ) declined as both temperature and engorged weight increased (Fig. 1B) . The probability of oviposition failure was signiÞcantly inßuenced by temperature ( 2 ϭ 18.4; df ϭ 1; P Ͻ 0.0001) and replete weight ( 2 ϭ 37.3; df ϭ 1; P Ͻ 0.0001). The logistic model was
, where Y ϭ 1 if oviposition failure occurred, and 0 if the tick oviposited successfully, ϭ temperature in ЊC, and X ϭ ln(mg). Oviposition failure occurred for 26.1, 14.5, 5.4, 10.8, and 1.3% of the ticks held at 12.5, 15, 20, 25, and 30ЊC respectively. Oviposition failure occurred in 26.6% of the ticks that weighed Ͻ300 mg, 7.9% of the ticks that weighed between 300 and 600 mg, and in 1.2% of the ticks that weighed Ͼ600 mg. Smaller females held at a given temperature tended to have a greater chance of oviposition failure compared with larger females held at the same temperature (Fig. 2B) . Mean longevity of females that failed to oviposit was 6.5, 23.9, and 10.6 d longer than that of females that successfully oviposited at 12.5, 15, and 25ЊC, but 12.3 d Table 1 and text for small, medium, and large females. 
shorter at 20ЊC. None of these differences were statistically signiÞcant (P Ͼ 0.13; KruskalÐWallis nonparametric ANOVA). The difference at 20ЊC was based on 4 failures, while the remainder was based on 9 Ð12 failures. Only a single tick failed to oviposit at 30ЊC. Preoviposition Time. Preoviposition time declined as both temperature and body size increased (Fig.  2C ). All regression parameters differed from 0 based on nonoverlap of 95% CIs. Temperature alone accounted for 82% of the variation in preoviposition time, while body size increased the explained variation by an additional 3% (Table 1) . Mean preoviposition time declined from Ϸ42 d at 12.5ЊC to 3.4 d at 30ЊC (Fig. 2C ) across all body weights, a 12.4-fold difference. Mean preoviposition time for small females ranged from 27 to 55% greater than that of the medium and large ticks. Mean preoviposition times of medium ticks were 4 Ð13% greater than that of large females at temperatures ranging from 12.5 to 25ЊC, but were similar at 30ЊC.
Oviposition Period. The oviposition period tended to decrease as temperature increased (Fig. 2D ) and also increased with body weight. Regression parameters for temperature and body size were different from 0 based on nonoverlap of 95% CIs (Table 1) . Temperature alone accounted for 32% of the variation and addition of body weight increased the explained variation by 7%. The model greatly overestimated the duration of the oviposition period for small females at 12.5ЊC (Fig. 2D) . Also, the duration of the oviposition period for the medium females was 11% longer than for large females at 12.5ЊC. The relationship was more consistent at temperatures Ն15ЊC, where the duration of the oviposition period declined from an average of Ϸ33 d at 15ЊC to 13 d at 30ЊC. Mean duration of oviposition of large and medium females ranged from 0 to 88% greater than for small females, and the mean duration of oviposition by large females ranged from 6 to 24% greater than that of medium females.
Total Eggs Laid Per Female. Total weight of eggs laid per female varied with replete weight (Fig. 3 ), but the relationship varied among temperatures (F ϭ 42.4; df ϭ 8, 307; P Ͻ 0.0001). Replete weight accounted for 62% of the variation in egg weight, while temperature added an additional 7% to the explained variation. The regression between egg weight and replete weight differed between ticks held at 12.5ЊC and all other temperatures (F ϭ 147.5; df ϭ 2, 213; P Ͻ 0.0001), between ticks held at 15ЊC and ticks held at 20, 25, and 30ЊC (F ϭ 14.4; df ϭ 2, 279; P Ͻ 0.0001; Fig. 3A ), but were similar among ticks reared at 20, 25, and 30ЊC (F ϭ 1.0; df ϭ 4, 214; P ϭ 0.39; Fig. 3B ). Fit also improved with increasing temperature as indicated by the r 2 values that ranged from 0.17 to 0.66 as temperature increased from 12.5 to 15ЊC, and were Ͼ0.87 at temperatures Ͼ20ЊC ( Table 2 ). Females that oviposited successfully produced an average (ϮSD) of 157.8 Ϯ 122.2, 245.9 Ϯ 152.1, 286.6 Ϯ 161.6, 264.5 Ϯ 160.0, and 286.2 Ϯ 165.8 mg eggs at 12.5, 15, 20, 25, and 30ЊC, respectively.
Conversion Efficiency
Index. CEI increased with temperature and body weight ( Fig. 2E and F) . All parameters differed from 0 based on nonoverlap of Ϸ95% CIs (Table 1) . Temperature alone accounted for 14% of the variation in CEI, while addition of body weight increased the explained variation to 44%. CEI averaged 0.256 Ϯ 0.184 for females reared at 12.5ЊC and increased to 0. 475 Ϯ 0.200, 0.536 Ϯ 0.171, 0.542 Ϯ 0.185, and 0.553 Ϯ 0.193% at 15, 20, 25 , and 30ЊC, respectively. The CEI of small (Ͻ300 mg) females was Ͻ0.02 at 12.5ЊC but increased to Ͼ0.2 at the remaining temperatures. A similar pattern was evident for medium (300 Ð 600 mg) females where CEI increased from 0.32 to Ͼ0.58 as temperature increased from 12.5 to 20ЊC, and also for large (Ͼ600 mg) females where (Fig.  2E) . Regression parameters differed from 0 based on nonoverlap of 95% CIs (Table 1) . Temperature alone accounted for 31% of the variation in daily egg production, and including body weight increased the explained variation to 73%. Daily egg production of small females increased from 0.5 to 7.8 mg egg per day as temperatures increased from 12.5 to 30ЊC. Daily egg production of medium females increased from Ϸ4 to 23 mg per day, and that of large females from 7.3 to 32 mg per day, as temperatures increased from 12.5 to 30ЊC.
Females Held at 10؇C Before Transfer to 25؇C. Temporal Trends. Females spent an average of 89.7 Ϯ 2.8% of their lives at 10ЊC before transfer to 25ЊC. Seventeen females (22.4%) died while at 10ЊC. Mortality of females transferred to 25ЊC began at 5 d, with most occurring between 16 and 29 d after transfer (Fig. 1C) . Only 12 ticks laid any eggs at 10ЊC beginning after 51 d with no distinct peak in egg production, and production never exceeding 0.2 eggs per female per day (Fig.  1C) . Thirty-eight females oviposited after being transferred to 25ЊC, including 9 of the 12 females that laid eggs while at 10ЊC. Peak oviposition of 12.5 eggs per female per day occurred on the eight day after transfer and oviposition was Þnished after 29 d.
Longevity. Females that died at 10ЊC had an average longevity of 96.6 (Ϯ50.1, n ϭ 17) d. The remaining 59 ticks survived an average of 176.5 (Ϯ7.5) d at 10ЊC and an average of 20.3 (Ϯ5.9) d (range, 5Ð29 d) after transfer to 25ЊC, Ϸ3 d less (t ϭ Ϫ2.3; df ϭ 140; P ϭ 0.02) than mean longevity of females that were continually held at 25ЊC.
Oviposition Failure. Oviposition failure occurred for 46.1% of females held at 10ЊC and was independent of body weight ( 2 ϭ 2.1; df ϭ 1; P ϭ 0.15). Oviposition failure occurred in 61% of the ticks Ͻ300 mg, 44.2% of the ticks that weighed between 300 and 600 mg, and 40% of the ticks that weighed Ͼ600 mg. Oviposition failure included 15 females (19.7%) that died while at 10ЊC and 20 females (26.3%) that died after transfer to 25ЊC. Females that failed to oviposit after transfer from 10 to 25ЊC lived an average of 3.3 d less than females that oviposited (P ϭ 0.03; KruskallÐWallis nonparametric ANOVA).
Preoviposition Time. Preoviposition time at 10ЊC averaged 104.7 (Ϯ30.7, range ϭ 51Ð160) d. After transfer to 25ЊC, preoviposition time of these females averaged 0.4 (Ϯ0.9) d with seven females ovipositing on the same day they were transferred to 25ЊC, and two on the second day after transfer. Preoviposition time of the 29 females that laid eggs only after transfer to 25ЊC averaged 5.9 (Ϯ4.5, range ϭ 0 Ð24) d, which was 1.2 d longer (t ϭ 1.7; df ϭ 101; P ϭ 0.05) than females held at 25ЊC continuously.
Oviposition Period. The oviposition period at 10ЊC averaged 47.5 Ϯ 30.0 d (n ϭ 12; range ϭ 7Ð104 d), and then 11.4 (Ϯ6.9; range ϭ 3Ð21) d after these females were transferred to 25ЊC. The oviposition period for females that laid eggs only after transfer to 25ЊC averaged 13.8 (Ϯ6.8; range ϭ 1Ð29) d and was similar (t ϭ Ϫ1.1; df ϭ 101; P ϭ 0.14) to the mean for females held continuously at 25ЊC.
Total Egg Production. Females produced an average of 39.6 (Ϯ43.3) mg eggs per female while at 10ЊC, and then an average of 85.4 (Ϯ120.6) mg eggs after transfer to 25ЊC, for a total egg production of 125.0 (Ϯ138.3) mg eggs per female. Females that oviposited only after transfer to 25ЊC produced an average of 131.8 (Ϯ115.4) mg eggs per female at 25ЊC, roughly 50% (t ϭ Ϫ4.1; df ϭ 101; P Ͻ 0.0001) of the total egg production of females held continuously at 25ЊC. Females that oviposited at either 10ЊC or after transfer to 25ЊC produced an average of 129.8 Ϯ 120.8 mg eggs per female. The regression between mg egg weight (Y) and mg replete weight (X) was Y ϭ Ϫ28.62 Ϯ 0.20X (r 2 ϭ 0.16; SE b ϭ 0.05; F ϭ 14.6; df ϭ 1, 74; P Ͻ 0.001) and was similar to the relationship for 12.5ЊC (F ϭ 2.73; df ϭ 2, 118; P ϭ 0.07).
Conversion Efficiency Index. CEI averaged 0.161 (Ϯ0.142) for females ticks that oviposited at 10ЊC and after transfer to 25ЊC, and averaged 0.281 (Ϯ0.191) for females that oviposited only after transfer to 25ЊC. This was Ϸ50% (t ϭ Ϫ6.4; df ϭ 101; P Ͻ 0.0001) of the CEI of females held continuously at 25ЊC.
Daily Egg Production. Females that oviposited at both 10 and 25ЊC produced an average of 0.7 (Ϯ0.5; range ϭ 0.04 Ð1.56) eggs per day at 10ЊC, and an average of 7.0 (Ϯ6.6; range ϭ 0.3Ð16.5) eggs per day after transfer to 25ЊC. Females that oviposited only after transfer to 25ЊC produced an average of 9.1 (Ϯ6.7; range ϭ 0.2Ð21.3) eggs per day after transfer, considerably less (t ϭ Ϫ4.2; df ϭ 101; P Ͻ 0.0001) than the average of 17.5 9 (Ϯ10.1) egg per day produced by females held continuously at 25ЊC.
Discussion
The mean weight of replete females was 66 Ð 81% of the means reported in previous studies of D. andersoni (Lysyk and Majak 2003 , Lysyk 2008 , Lysyk and Scoles 2008 even though similar methods were used for feeding. Variation in mean weight of replete Dermacentor ticks is common. The mean weight of replete D. albipictus ranged from 390 to 626 mg across a variety of studies (summarized by Drew and Samuel 1987) , and mean weight of various groups of replete D. variabilis ranged from 309 to 665 mg within a single study (Campbell and Harris 1979) . The coefÞcient of variation of replete weight was greater than the range of 20 Ð35% in previous studies of D. andersoni (Lysyk and Majak 2003 , Lysyk 2008 , Lysyk and Scoles 2008 , but at the upper end of the range 20 Ð 49% for D. albipictus (Drew and Samuel 1987) , 21Ð 45% for D. variabilis (Campbell and Harris 1979) , and less than the 61% for Dermacentor marginatus Sulzer (Hueli et al. 1988 ). The broad range in engorged weight resulted in sufÞcient ticks of various sizes at each temperature to evaluate the effects of body size. The smallest female weighted 30 mg, but the smallest female to oviposit weighted 111 mg. While this may seem small, oviposition has been recorded for D. marginatus weighing 76 mg (Hueli et al. 1988) and D. variabilis weighing 117 mg (Nagar 1968) .
The temporal patterns of survival and fecundity at 12.5Ð30ЊC were consistent with previous studies of ixodid ticks Glines 1979, Campbell and Harris 1979) where peak fecundity was greater and occurred more rapidly at warmer temperatures, and more variable at lower temperatures. Reduced survival after peak oviposition was likely because of depletion of energy reserves. Mortality occurred during the reproductive period, indicating that a number of females did not reach their full reproductive potential when temperatures were Յ15ЊC. This may have been because of low temperatures inhibiting the ability to use the bloodmeal.
Both temperature and replete weight inßuenced reproduction of individual ticks; however, temperature appeared to be more important than replete weight in determining measures of time such as longevity, preoviposition time, and oviposition period. The general form of these relationships was an exponential decline in the response as temperature increased with a minor effect of replete weight. The shape of the relationship between temperature and longevity was similar to that observed for other ixodid ticks such as Rhipicephalus sanguineus (Latreille) and Hyalomma aegyptium L. (Sweatman 1967 (Sweatman , 1968 ; however, D. andersoni appeared quite tolerant to 10ЊC because 78% survived after Ͼ160 d at 10ЊC, whereas average longevity was 67 and Ϸ75 d for R. sanguineus and H. aegyptium. Preoviposition times were similar to the minimal times reported by Wilkinson (1967) but less than the periods reported by Hooker et al. (1912) . The preoviposition period at given temperatures after adjustment for mean engorged weight were 58 Ð95% faster than reported for D. variabilis (Nagar 1968 , Drummond et al. 1971 , Campbell and Harris 1979 and from 34 to 66% of the times reported for D. albipictus (Drummond et al. 1969 , Table 4 in Drew and Samuel 1987, Addison et al. 1998) . Preoviposition period was 69 Ð76% of that of D. marginatus (Hueli et al. 1988 ) and 79 Ð103% of D. nitens at 20 and 25ЊC, and Ͼ120% at 30ЊC (Despins 1992) .
The duration of oviposition typically declined with temperature, consistent with observations on a variety of other ixodid ticks. The exception was that small females had very short duration of oviposition at 12.5ЊC. This was either an artifact of the small sample size (n ϭ 3), or indicates that small, nutritionally challenged females are more susceptible to lower temperatures than larger females. Oviposition periods adjusted for temperature and replete weights were 71Ð 83% of the periods for D. variabilis when temperatures were Ն20ЊC and nearly equal to that of D. variabilis at 15ЊC (Nagar 1968 , Drummond et al. 1971 , Campbell and Harris 1979 . Adjusted oviposition periods were 65Ð 69% of those reported for D. albipictus (Drummond et al. 1969 , Addison et al. 1998 ), 91Ð97% of reported for D. marginatus (Hueli et al. 1988) , and 71Ð96% of D. nitens (Despins 1992) .
Smaller females tended to survive longer, have a longer preoviposition period, and a shorter oviposition period compared with larger females. This may be linked in part to the reduced oviposition success of smaller females. Reduced weights may indicate lower levels of nutrients for egg production and result in longer times to initiate oviposition, production of fewer eggs, and more rapid completion of oviposition. Replete weight was negatively correlated with preoviposition period and positively correlated with oviposition period for D. variabilis, Amblyomma maculatum Koch, and D. albipictus (Drummond et al. 1969 (Drummond et al. , 1971 Drummond and Whetstone 1970; Addison et al. 1998) . No correlations between replete weight, preoviposition period, and oviposition period were detected for Rhipicephalus annulatus (Say) (Davey et al. 1980b , Ouheli et al. 1982 , D. variabilis (Campbell and Harris 1979) , and R. sanguineus (Sweatman 1967) , so this may not be a general feature of the life history of ixodid ticks. However, the oviposition period of Rhipicephalus microplus (Canestrini) increased by 5 d across a range of tick weights (Bennett 1974) . Detection of these effects in the current study may reßect the larger number of ticks used and the large degree of variation in replete weight of females.
Replete weight had the greatest effect on measures of egg production including oviposition failure, total eggs produced, daily egg production, and the CEI. These were also inßuenced by temperature, and were inhibited at temperatures Յ15Њ. Oviposition failure was associated with both reduced weight and lower temperatures. Oviposition failure did not result from premature tick death, as mean longevity of females that failed to oviposit was generally similar to that of females that successfully oviposited. This suggests that temperatures will adversely affect reproduction at levels lower than will affect longevity.
Total weight of eggs deposited per females was inßuenced by replete weight at all temperatures, but the nature of the relationship varied among temperatures. Poor Þt and lower slopes at temperatures Յ15Њ indicate thermal limitations on oviposition and a reduction in the ability of females to lay a full complement of eggs. The relationships were similar among temperatures Ն20Њ with little indication of reduced oviposition. The slope was similar to that calculated for D. andersoni using data that appeared in Wilkinson (1968) . Comparison of slopes with other species required converting egg mass weight to total number of eggs. Typically, D. andersoni eggs weigh 0.0602 mg (Wilkinson 1968) ; therefore, the slopes in Table 1 can be converted to 3.5, 10.5, and 11.4Ð12.5 eggs per milligram replete weight at 12.5, 15, and 20Ð30ЊC, respectively. These are greater than the range of 3.4Ð8.7 eggs per milligram replete weight reported for D. variabilis (Nagar 1968 , Drummond et al. 1971 , Campbell and Harris 1979 . A similar reduction in slope at temperatures Յ20ЊC was observed for D. variabilis (Campbell and Harris 1979) , as well as reduction at 35ЊC that was not observed in the current study, as our temperature limit was 30ЊC. Reported slopes for D. albipictus were also lower, ranging from 8.7 (Addison et al. 1998 ) to 9.1 eggs per milligram replete weight (Drummond et al. 1969) .
Changes in the CEI mirrored the changes in reproductive output with temperature, but were also inßu-enced by replete weight. CEI for D. andersoni were similar to D. variabilis (Campbell and Harris 1979) and were within the range 0.33Ð 0.66 reported for D. albipictus (Drummond et al. 1969 , Drew and Samuel 1987 , Addison et al. 1998 . The effects of weight on CEI were consistent with observations on Ambylomma americanum (L.), where CEI increased from 0.22 for small ticks (90 Ð120 mg) to Ͼ0.5 for ticks weighing Ն340 mg (Koch and Dunn 1980) , and with R. microplus, where CEI increased from 0.41 to Ն0.60 as ticks weights increased from 50 to Ն225 mg (Bennett 1974) .
Daily egg production is a composite index that incorporates both the total number of eggs laid as well as the length of the oviposition period. The values reported for D. andersoni are greater than for the other species of North American Dermacentor that ranged from 4.7 to 16.1 (Campbell and Harris 1979 , Drummond et al. 1969 , Addison et al. 1998 .
The results of the transfer from 10 to 25ЊC indicate that the lower temperature limit for most processes, except longevity, appeared to be between 10 and 12.5ЊC. This is consistent with SweatmanÕs (1967) assertion that temperatures that increase longevity are well below temperatures that inhibit oviposition. Relatively few ticks were able to produce any eggs while held at 10Њ, and oviposition by these ticks was greatly curtailed in terms of number of eggs produced. These ticks oviposited almost immediately after transfer to 25ЊC, suggesting that some development occurred at 10ЊC. The remaining 29 ticks that oviposited did so only after transfer to 25ЊC, and had similar preoviposition and oviposition periods as ticks held continuously at 25ЊC, indicating little development at 10ЊC. Therefore, the temperature threshold for development may be close to 10ЊC with some females able to develop slowly at that temperature and others not at all. Wilkinson (1967) noted oviposition by D. andersoni held continuously at 10ЊC; however, details were lacking. Other species fail to oviposit at temperatures Ͻ15ЊC. D. variabilis fails to produce eggs when held at 10ЊC (Campbell and Harris 1979) but oviposits at 15ЊC. The lower threshold for egg production by D. albipictus was estimated at 15.1ЊC (Glines 1983) . R. microplus failed to oviposit at 12.7ЊC but oviposited at 15ЊC (Bennett 1974) , while R. sanguineus does not oviposit at 5 or 10ЊC (Sweatman 1967 ) but will at 15ЊC. Ixodes scapularis Say will oviposit at temperatures near 4ЊC (Ogden et al. 2004) , with oviposition failure tending to decrease as temperatures increase.
The number of eggs laid after transfer to 25ЊC was greatly reduced relative to females held continually at 25ЊC, indicating that the low temperatures had a prolonged, inimical effect on female physiology. This is in contrast to other studies that indicate little effect of cold temperatures on oviposition. D. albipictus exposed to 0 and 10ЊC for shorter periods (1Ð37 d) experienced no negative effect on oviposition (Drew and Samuel 1987) ; however, exposures to low temperatures were short and this tick occurs much further north in Alberta, Canada. Similarly, exposure of lone star tick to 10ЊC for 5Ð9 wk had little apparent inßu-ence on oviposition after transfer to 25ЊC (Koch and Dunn 1980) , but again, exposures were relatively short compared with what was used here. Wilkinson (1967) suggested that JuneÐAugust soil temperatures Ͻ20ЊC would be inimical to development of various instars of D. andersoni. This is supported in the current study, where temperatures Յ15ЊC inhibited reproduction, suggesting that thermal effects on reproduction could also be a factor limiting the northern distribution of D. andersoni. This was conÞrmed by examining 5-cm soil temperatures obtained from the Alberta Agriculture and Rural Development AgroClimatic Information Service (http://www.agric. gov.ab.ca/acis/alberta-weather-data-viewer.jsp) from Þve locations spanning the range of D. andersoni in Alberta, Canada. Soil temperatures during June through August (2005Ð2013) declined with increasing latitude, and southerly locations had a greater proportion of days with soil temperatures Ն20ЊC ( Table  3) . The difference was most pronounced between locations within the current distribution of D. andersoni (locations 1 and 2) compared with locations on the edge (location 3) or north (locations 4 and 5) of the distribution limit. D. andersoni also seems to have evolved a faster preoviposition and oviposition period compared with the two species that overlap with it geographically. This may reßect differences in seasonal cycle of D. andersoni compared with both D. variabilis and D. albipictus. Adult D. andersoni quest in the early spring, usually from mid-April to the end of June and overwinters either as a nymph or as an adult (Wilkinson 1967) , and therefore faces less pressure to complete oviposition early. Replete female D. albipictus drop from the host in the spring and have much of the spring and summer to produce the larvae that quest during the fall. Further investigation is warranted to determine the extent that thermal limitation of reproduction contribute to determining the northern limit of D. andersoni, and also to determine the extent that climate change could inßuence this limit.
